Objectives: To standardize acoustic rhinometry (AR) in nasal provocation tests (NPTs) with histamine in children and adolescents. Patients and Methods: We performed a cross-sectional validation to compare AR with anterior active rhinomanometry (AAR) during histamine NPT in 20 children and adolescents with persistent allergic rhinitis and 20 controls. Changes in total nasal resistance (AAR) were compared with changes in nasal volume in the first 5 cm (V5 ; P=.04) at baseline. The mean histamine concentration necessary to increase total nasal resistance by at least 100% was significantly lower in the rhinitis group than in the control group (0.72 mg/mL vs 2.4 mg/mL; P<.001). At the end of the NPT a mean increase of 126% in total nasal resistance and a mean decrease of 24.3% in V5 were observed in the rhinitis group. When compared with the AAR criteria, the highest sensitivity and specificity values were observed for a cutoff represented by a 19%-21% drop in V5. Conclusions: We found AR to be a feasible and sensitive tool for monitoring nasal response in children and adolescents undergoing histamine NPT. The best AR cutoff for ending the NPT was a 19%-21% drop in V5. Key words: Rhinitis. Nasal provocation tests. Histamine. Acoustic rhinometry. Rhinomanometry. Nasal cavity. Airway resistance. 
Introduction
Nasal provocation tests (NPTs) have an important role in research on the symptoms, pathophysiology, and pharmacology of chronic rhinopathies such as allergic rhinitis [1] . NPTs make it possible to study the nasal mucosa in a safe and noninvasive manner by simulating allergic and irritative reactions [1] .
NPTs are performed by the instillation of 1 or several concentrations of agents able to provoke a local response and induce symptoms and/or changes in nasal airflow. Histamine is one of most widely used pharmacological agents in nonspecific NPTs, and histamine NPTs have proven able to discriminate between patients with rhinitis and controls [2] .
NPTs can be monitored in different ways, but objective measures are recommended to give the test better credibility and reproducibility [1, 3, 4] . Of the several parameters studied to monitor NPTs, nasal resistance remains the most widely standardized one [1, 3, 5] . Nasal resistance can be calculated using rhinomanometry, a technique that simultaneously measures pressure and airflow in the nasal cavity.
Acoustic rhinometry (AR) is a relatively new technique that was designed to evaluate nasal geometry based on the emission and reflection of acoustic waves in the nasal cavity and measurement of nasal volume and cross-sectional area [6] . Unlike other techniques, AR does not depend on patient cooperation and is considered suitable for the study of children [7, 8] . Several studies have shown that evaluation of nasal volumes using AR is reliable and reproducible [9] .
Until now, a limited number of studies have used AR to monitor NPTs, mainly in adults [10] [11] [12] [13] . The use of AR in NPTs in children has not been standardized. Therefore, the objective of the present study was to standardize AR in NPTs with histamine in children and adolescents.
Methods

Participants
The study population comprised children and adolescents (aged 7 to 18 years) with and without allergic rhinitis. The rhinitis group was composed of patients who had had moderateto-severe allergic rhinitis for more than a year and were in regular follow-up at a specialized outpatient clinic. All of the patients had a positive skin prick test result (mean wheal diameter ≥3 mm) to at least 1 inhaled allergen from the following group: Dermatophagoides pteronyssinus, Dermatophagoides farinae, Blomia tropicalis, dog and cat dander, Periplaneta americana, Blattella germanica, fungi, and pollen mixture (IPI-ASAC). Patients with anatomic abnormalities in the upper airway and patients who had received topical nasal corticosteroids or had a respiratory infection in the previous month were excluded. Oral antihistamines, when taken, were suspended at least 1 week before the NPT.
The control group was composed of children and adolescents in the same age range with no persistent or recurrent nasal symptoms and no clinical history of allergic rhinitis or other atopic diseases. Physical examination revealed that the controls had a healthy upper airway, and the skin prick test result was negative for all of the allergens used in the skin prick test. The members of the control group had no history of treatment with topical nasal corticosteroids or oral antihistamines.
Nasal Provocation Tests
NPTs were performed in a room with controlled temperature (20°C-25°C) and humidity (50%) after 20 minutes of acclimatization. Nasal responses were monitored using AR and active anterior rhinomanometry (AAR; SRE 2000, Rhinometrics). These techniques were performed by the same trained operator and according to international recommendations [14] . During the test, the child remained seated without extending the neck. Inspiratory nasal resistance at 75 Pa was measured 3 times, and the mean value recorded. To calculate total nasal resistance (TNR), resistance in the left nostril was multiplied by resistance in the right nostril and the product was divided by the sum of both resistance values [14] . Nasal volumes were also measured 3 times, and the mean value of each nostril was added to obtain total nasal cavity values [14] . According to previous recommendations, the volume of the first 5 cm (V5) was selected for analysis [15] .
Baseline measurements of V5 and TNR were obtained after instillation of 0.15 mL of saline. After that, 0.15 mL of increasing concentrations of isotonic histamine dihydrochloride (0.12, 0.25, 0.5, 1.0, 2.0, 4.0, and 8.0 mg/mL [IPI-ASAC]) were sprayed into both nostrils at room temperature. V5 and TNR were measured 5 minutes after each instillation in a random order. Patients were instructed to take a deep breath and then hold their breath for a few seconds immediately before instillation of histamine [3] . NPT results were considered positive, and the test was stopped when TNR increased by at least 100% [16] .
Three drops of topical nasal decongestant (oxymetazoline, 0.5 mg/mL) were applied in each nostril after the end of the NPT, and a final measurement of V5 and TNR was taken after 10 minutes.
This study was submitted to and approved by the local ethics committee (protocol no. 0705/04). Written informed consent was obtained from all parents.
Statistical Analysis
Parametric and nonparametric tests were used in the statistical analysis. The sample size was estimated based on a mean decrease of 15% in V5 values after the NPT [13, 17] . At least 16 individuals in each group were necessary to reach a statistical power of 80% and significance of 5%.
In order to determine the optimal AR cutoff point for the end of the NPT, the sensitivity, specificity, and area under the receiver operating characteristic (ROC) curve of cutoff points in the range of a 14%-30% reduction in V5 were compared with a 100% increase in TNR.
Results
Twenty-five patients were included in the rhinitis group and 24 in the control group. Three patients were excluded from the rhinitis group owing to technical difficulties in rhinomanometry and 2 owing to lack of cooperation. In the Discussion AR is a very promising technique that is associated with a growing number of favorable findings; however, no consensus has been reached on the use of AR for monitoring NPT. In fact, several authors have reported unsatisfactory results [10, [18] [19] [20] . Phipatanakul et al [10] did not observe a good correlation between AR variables and nasal symptoms in patients undergoing specific NPT with cat antigens. In patients with occupational rhinitis undergoing specific NPT, Castano et al [18] found a significant correlation between AR and symptoms only when the analysis was restricted to cases showing a decrease in nasal volume greater than 40% from baseline values. Hellgren et al [19] reported that AR was not superior to other objective methods for monitoring of adults undergoing histamine NPT and was unable to discriminate patients from controls. Keck et al [20] reported that AR, unlike rhinomanometry, was not sensitive enough to detect changes after challenges with mite antigens in patients with perennial allergic rhinitis. The findings of these studies raise a series control group, 2 children were excluded owing to recent respiratory infections and 2 owing to technical reasons.
The mean age of the rhinitis patients and controls was 11.8 years and 13.4 years, respectively. Boys accounted for 9 patients and 8 controls. No severe adverse events were observed during the NPTs.
Compared The mean percentage change from baseline in TNR and V5 after instillation of each concentration of histamine in both groups is shown in Figure 1 . The mean histamine concentration needed to obtain at least a 100% increase in TNR among patients with rhinitis was 0.72 mg/mL (95%CI, 0.42-1.02), which was significantly lower than that of the controls (2.4 mg/mL [95%CI, 1.9-2.9]; P<.001).
Among patients with rhinitis, the instillation of the last concentration of histamine was followed by a mean increase in TNR of 126% (95%CI, 113%-139%) and a mean decrease in V5 of 24.3% (95%CI, 22.3%-26.3%). After administration of the decongestant, the mean TNR was 4% higher than baseline (95%CI, -9% to 17%), and V5 was, on average, 5% higher than baseline (95%CI, -1% to 11%). The percentage of patients with allergic rhinitis and controls who remained in the NPT after the instillation of each histamine concentration is shown in Figure 2 .
The sensitivity and specificity of the different AR cutoff points (% reduction in V5) for the end of the histamine NPT compared with the AAR are shown in the Table. The highest areas under the ROC curve were observed for a reduction in V5 of between 19% and 21% ( Figure 3) . of questions. Initial studies with AR evaluated only minimal cross-sectional area [19] , which is known to be less responsive to provocation than nasal volume [14, 21] . Other authors evaluated changes in AR induced by NPT in large segments of the nasal cavity (7.5-12.5 cm) [10] and excluding the anterior portion of the nasal cavity, which is the most reactive area and where AR is more accurate [5, 14] . Finally, the reactions observed in patients with seasonal allergic rhinitis outside the pollen season [19] or in patients with occupational rhinitis [18] cannot be extrapolated to those observed in patients with perennial or persistent rhinitis. Our data corroborate the results of most adult studies [11, 13, [21] [22] [23] [24] and confirm that AR is a practical and sensitive technique for monitoring NPT in children. To our knowledge, ours is one of the first studies to describe AR during NPT in children. Despite the inclusion of adolescents in the study group, a large percentage of our sample (40%) was composed of children under 12 years of age.
The high success rate in both AAR and AR showed that each is feasible for monitoring TPN. Slight differences, however, were observed in favor of AR. Technical difficulties with AAR were responsible for the exclusion of 5 patients. Three patients with allergic rhinitis experienced total obstruction of 1 nostril during NPT, thus precluding the measurement of nasal resistance and the continuation of NPT. Two schoolchildren from the control group were unable to adequately coordinate breathing to enable measurement of nasal resistance and had to withdraw from the study. This finding had been reported by others and pointed out as one of the main advantages of AR over AAR [5, 8] .
In the present study, we chose to evaluate not only the nostrils, but also the total nasal cavity. Evaluation of the total nasal cavity is thought to be more accurate and aims to minimize the possible effects of the nasal cycle, which are particularly likely to occur in prolonged NPT [12] .
Another important finding of our study was the sensitivity of AR for detecting the decrease in nasal patency in a dosedependent manner, similar to that observed in rhinomanometry (Figure 1) . Mucosal edema has already been documented as the main pathophysiological event induced by NPT, and we showed that it could be adequately monitored using AR.
The definition of an ideal cutoff point for the reduction in V5 to indicate the end of the NPT makes it possible to perform the NPT using AR as the only objective parameter. The best cutoff point in our study was a decrease of 19%-21% in V5. Compared with the standard value of AAR (100% increase in TNR), this cutoff showed good specificity and acceptable sensitivity for defining when to end the NPT. It is noteworthy that TNR and V5 are distinct parameters and that while V5 reflects the geometry of the nasal cavity, TNR is a physiological variable that is measured dynamically during tidal breathing. The differences between these 2 variables were seen clearly in our previous study, where we demonstrated that although significant, the correlation between them was only moderate, with correlation coefficients of around 0.5 [15] . In this preliminary analysis of our data, we compared TNR (obtained by AAR) with several AR parameters (V5, V4, V2-5, and minimal cross-sectional area) at 3 points: baseline, after induction of nasal obstruction, and after administration of a topical decongestant. Since we found that V5 was the parameter with the highest correlation with TNR, we decided to use it in the present study [15] .
No unanimous AR cutoff point for NPT is reported in the literature. Differences in NPT protocols and in AR parameters make accurate comparisons between studies very difficult. Márquez et al [13] found that a 20% drop in nasal volume in adults was the best point at which to separate patients with allergic rhinitis from controls undergoing NPT with methacholine [13] . Similarly, Hellgren et al [19] found that minimal cross-sectional area was reduced by between 22% and 27% after histamine NPT in adults with and without seasonal rhinitis. Parvez et al [17] found that the patent nasal cavity (segment between 1.0 and 6.4 cm) was reduced, on average, by 32% after challenge with a single dose of histamine in adults without rhinitis.
In conclusion, we found that AR is a feasible and sensitive tool for monitoring the nasal response in children and adolescents undergoing histamine NPT. Comparison with standard rhinomanometry criteria (100% increase in TNR) revealed that the best AR cutoff point to indicate the end of the NPT was a decrease of 19%-21% in V5.
Funding
This study was funded FAPESP and CAPES.
Conflicts of Interest
The authors declare that they have no conflicts of interest. 
